Genetic bioselection of a mutagenized Ad5wt stock in human tumor xenografts led us to isolate AdT1, a mutant displaying a large-plaque phenotype in vitro and an enhanced systemic antitumor activity in vivo. AdT1 phenotype correlates with an increased progeny release without affecting total viral yield in different human tumors and cancer-associated fibroblasts. An approach combining hybrid Ad5/AdT1 recombinants and sequencing identified a truncating insertion in the endoplasmic reticulum retention domain of the E3/19K protein (445A mutation) which relocates the protein to the plasma membrane and is responsible for AdT1's enhanced release. 
Introduction
Tumor-selective viruses are being engineered to treat cancer (1) . Different strategies have been used to render adenovirus tumor specific (2) . Results to date have shown a good security/toxicity profile for multiple modes of delivery. Flu-like symptomatology has been reported as the most common toxicity, especially after i.v. delivery, along with transient transaminitis and, occasionally, thrombocytopenia (3) . Antitumor effects have also been described after intratumoral or intracavital injection, and the potential for synergy with chemotherapy is very promising (4) . However, systemic antitumoral response rates range only from minimal to moderate after systemic administration (5, 6) .
One of the reasons that explain the poor response to oncolytic adenovirus after i.v. administration is the biodistribution profile of adenovirus 5 (Ad5), a non-blood-borne virus that is quickly cleared from the bloodstream after i.v. administration and accumulates in the liver within minutes due to the particular hepatic architecture and vascular system (7, 8) . The presence of the host immune system may also be determinant in the response to oncolytic adenoviruses, although its exact role is not clear, with some discrepancies between preclinical data and clinical results (9, 10) . In addition, other biological barriers within the tumor mass ( for example, the tumor stroma matrix) also limits adenovirus oncolysis by hindering the spread of the virions (11, 12) .
Improving adenovirus potency has been postulated as an important step to overcome all these limitations (13) . One approach to render adenoviruses more cytotoxic is arming oncolytic adenoviruses with transgenes that are able to eliminate surrounding cells and favor spreading of the oncolytic effect. With this aim, several proteins have been incorporated into the adenovirus backbone, including the adenovirus death protein (14) , p53 (15) , different prodrug-converting enzymes (16) , and immunomodulators (17) . Although successful results have been obtained with some of these constructs, the utility of this strategy has been often limited by the small cloning capacity of most oncolytic adenoviruses after the insertion of the genetic elements required to confer selectivity.
Bioselection of randomly mutagenized adenovirus by repeated passaging in defined conditions can also be used as a strategy for the isolation of mutants that exhibit potent and/or tumor-selective phenotypes. This genetic selection has the potential to assign novel functions to viral genes. For example, new mutants of human Ad5 with enhanced oncolytic activity were isolated after repeated passage of a randomly mutagenized pool in a human colorectal cancer cell line in vitro (18) . A point mutation that induced a COOH terminal truncation in the i-leader protein, resulting in its early accumulation, was shown to be essential for the mutant phenotype (18) . Interestingly, the relevance of such mutations in the i-leader protein has been further confirmed by another study (19) .
With the aim of selecting Ad5 mutants with enhanced antitumor activity, we have extended the genetic selection approach by including the in vivo tumor environment as selective pressure. A mutant isolated from tumors, AdT1, displayed an increased antitumor activity in vivo and large-plaque phenotype in vitro. Further characterization showed that AdT1 presented an improved viral release without affecting the overall yield in both human tumor cells and cancer-associated fibroblasts. A combined approach including sequencing and analysis of recombinants revealed that the presence of a mutation in the endoplasmic reticulum retention domain of the E3/19K protein was responsible for the phenotype. We propose that the expression of the mutated form of E3/19K is able to disturb intracellular Ca 2+ homeostasis and ultimately create membrane lesions that allow enhanced virus release.
DMEM supplemented with 5% fetal bovine serum (FBS). CAF1 cells, human carcinoma-associated fibroblasts, were isolated and characterized in our laboratory from an hepatic metastasis of a human colorectal carcinoma and were maintained in DMEM-F12 supplemented with 10% FBS and BD MITO + serum extender (Becton Dickinson). When evaluating effects of extracellular Ca 2+ , CAF1 cells were seeded in fibronectin-coated dishes. To obtain >80% infection, 293, A549, FaDu, DLD-1, SKMel-28, NP-9, CAF1 and HP-1 cells were infected with 5, 20, 25, 15, 25, 30, 45 , and 50 transducing units (TU) per cell, respectively. As calcium-containing medium, a Ca 2+ -free medium to which CaCl 2 was added to a final concentration of 1.8 mmol/L was used. Calcium-free medium was supplemented with 0.5 mmol/L EGTA immediately before use. Human Ad5 was obtained from American Type Culture Collection (ATCC). AdTL (AdGFPLuc) has been previously described (22) . Oligonucleotides were designed to sequence Ad5 and AdT1 entire viral genomes.
Random mutagenesis and in vivo selection. An Ad5 stock was randomly mutagenized with nitrous acid (23) and the 8 min-treated stock (1,000-fold loss of virus viability; average of nine mutations per genome) was chosen for the first round of in vivo selection. Mutations were fixed, and the mutagenized stock was subsequently amplified and purified by passage at a high TU per cell in A549 cells to prevent in vitro selection of mutants. For each round of in vivo selection, 1 Â 10 7 NP-9 cells were injected s.c. into the flanks of male BALB/c nu/nu mice. Animal studies were performed in the IDIBELL facility (AAALAC unit 1155) and approved by the IDIBELL's Ethical Committee for Animal Experimentation. Once the tumors reached 100 mm 3 , mice were injected with PBS, Ad5, or the mutagenized Ad5 stock at 2 Â 10 10 vp by tail vein. At 4 h postinjection, blood was drawn from the tail and the titer was determined by an anti-hexon staining method. Body weights of the animals were monitored, and tumor volume was calculated as previously described (11) . The virus mutants with superior blood persistence were amplified from a blood sample of the mouse that displayed the best tumor growth inhibition and were chosen for the next round of in vivo selection. After the fourth round of bioselection, the virus mutants were extracted from the tumor that showed the most pronounced tumor growth inhibition. The AdT1 mutant was isolated from the resulting tumor cell lysate by plaque assay in A549 cells.
Construction of Ad5/AdT1 recombinants and E3/19K modified viruses. Homologous recombination for the generation of modified viruses was performed in yeast. The yeast replication elements and a selectable marker were cloned into pAd5 plasmid (ref. 24; pAd5CAU) . Homologous recombination between different fragments of pAd5CAU and AdT1 genome (represented schematically in Fig. 2A ) resulted in the generation of the different Ad5/AdT1 recombinants used to map the mutation(s) responsible for the large-plaque phenotype of AdT1 . Plasmids pAdE3/19K-445A, pAdE3/  19K-445ACS40, pAdE3/19K-KS, pAdE3/19K-CS40, and pAdE3/19K-del  (Supplementary Table S1 ) were constructed by recombination of pAd5CAU with PCR-modified E3/19K sequences, and the incorporated modifications were sequenced. Viruses were generated in 293, propagated in A549, and quantified using the anti-hexon staining-based method using 293 cells (24) . Briefly, this method consists in the infection of 293 cells with serial dilutions of a virus sample. Thirty-six hours postinfection, cells were fixed with methanol and incubated with mouse anti-hexon (2Hx-2 hybridoma, ATCC) and Alexa 488-labeled goat anti-mouse (Molecular Probes) during 1 h at 37jC. The similar late protein expression pattern showed by the viruses (Supplementary Fig. S2B ) assured this method was suitable for the titration of the mutant viruses generated.
Virus release and production assays. 293, A549, CAF1, NP-9, FaDu, SkMel-28, DLD-1, or HP-1 cells were infected to allow 80% to 100% infection. Three hours later, infection medium was removed and cells were washed twice with PBS and incubated with fresh medium. At the indicated time points a fraction of the supernatant (SN) and the cell-media suspension (CE) were harvested. Viral titers were determined in triplicate according to an anti-hexon staining-based method, as described above. For experiments in which the effects of extracellular calcium were assayed, cells were infected, and medium was removed 24 h later, the cells were washed twice with PBS (-CaCl 2 /-MgCl 2 ) and subsequently incubated with normal or Ca 2+ -free medium.
In vitro cytotoxicity assay. Cytotoxity assay was performed by seeding 30,000 A549 cells, 10,000 NP-9 cells, or 50,000 DLD-1 cells per well in 96-well plates in DMEM with 5% FBS. Cells were infected with serial dilutions starting with 90 TU/cell for A549, 250 TU/cell for NP-9, and 20 TU/cell for DLD-1 cells. At day 5 postinfection, plates were washed with PBS and stained for total protein content (bicinchoninic acid assay, Pierce Biotechnology) and absorbance was quantified. The TU per cell required to produce 50% inhibition (IC 50 value) was estimated from dose-response curves by standard nonlinear regression (GraFit; Erithacus Software), using an adapted Hill equation.
Western blot analysis. A549 cells were either mock-infected or infected to allow >80% infection, and protein cell extracts were prepared 24 h postinfection with Iso-Hi-pH buffer [0.14 mol/L NaCl, 1 mmol/L MgCl 2 , 10 mmol/L Tris-HCl (pH 8.5), 0.5% Nonidet P concentration. A549 or CAF1 monolayers were infected to obtain 80% infection. Cells were harvested at various times postinfection. For permeability studies, suspensions were incubated with 1 Ag/mL propidium iodide (PI; Bender Medsystems) for 15 min at room temperature. The number of permeable cells was determined in triplicate by flow cytometry (FACSCalibur, Becton Dickinson). To determine intracellular Ca 2+ concentration, cells were incubated with 10 Amol/L Fluo-3 acetoxymethyl ester (AM) and 20 Amol/L Fura-red AM (Invitrogen) indicators, as previously described (27) . The loaded A549 cells were analyzed in triplicate by flow cytometry (FACSCalibur, Becton Dickinson).
Evaluation of antitumor efficacy in vivo. Pancreatic human NP-9 tumor xenografts were established s.c. into the flanks of BALB/c nu/nu mice as described above. To evaluate systemic efficacy of the viruses carrying E3/19K-445A mutation, mice with 100 mm 3 tumors (n = 10 per group) were treated with a single i.v. injection of PBS, Ad5, AdT1, or AdE3/19K-445A (2 Â 10 10 vp/mouse in 150 AL PBS). The VP/TU ratio of the purified virus stocks used for the in vivo efficacy experiments was similar as shown in Supplementary Table S2 . To evaluate intratumoral efficacy, 100 mm Intratumoral adenovirus detection. Adenovirus immunofluorescence in hamster tumors was performed as previously described (24) . Briefly, OCT-embedded sections from HP-1 tumors obtained at day 29 after virus administration were treated with polyclonal anti-adenovirus (clone Ab6982, Abcam Ltd.) and Alexa Fluor 488-labeled goat anti-rabbit (Molecular Probes) antibodies and counterstained with 4 ¶,6-diamino-2-phenylindole. Stained slides were analyzed under a fluorescent microscope (Olympus BX51).
Results
In vivo bioselection of Ad5 mutants with enhanced oncolytic efficacy. A purified stock of wild-type human Ad5 was randomly mutated with nitrous acid as previously described (23) . The mutagenized stock was amplified in human lung adenocarcinoma A549 cells and subjected to various rounds of selection in vivo in BALB/c nu/nu mice harboring s.c. human pancreatic NP-9 tumors to select mutants with improved oncolytic potency (see Materials and Methods). In the fourth round of bioselection, the virus mutants were extracted from the tumor that showed the most pronounced growth inhibition and plaque-purified to isolate clones. One of these clones, AdT1, was further characterized, and the mutations responsible for its phenotype are the main focus of this study.
Characterization of the phenotype of AdT1. To compare the systemic antitumor efficacy of Ad5 and AdT1, mice with s.c. NP-9 tumors were treated with a single i.v. dose of 2 Â 10 10 vp and the tumor growth was monitored. Mutant AdT1 showed an enhanced antitumor activity compared with Ad5 (Fig. 1A) , and this correlated with intratumoral viral replication (not shown).
The enhanced antitumor efficacy displayed by AdT1 in vivo was associated with a large-plaque phenotype in vitro (Fig. 1B) . The plaques of AdT1 in A549 cells appeared earlier and were at least twice as large as the control Ad5 plaques. The AdT1 large-plaque phenotype could result from an increase in the viral yield or an increase in viral release. The measurement of intracellular and extracellular virus in A549 cells showed that AdT1 was released more efficiently from infected cells, whereas the total virus produced was unaffected (Fig. 1C) . Because fibroblasts release adenovirus less efficiently than epithelial cells and are relevant target cells in oncolysis of tumors with stroma, we analyzed and confirmed the enhanced release of AdT1 in carcinoma-associated fibroblasts (CAF1; Fig. 1C ). This increase in the rate of viral release was also observed in 293 cells and human tumor cell lines from head and neck (FaDu), melanoma (SkMel-28), pancreas (NP-9), and colorectal carcinoma (DLD-1), as well as in hamster pancreatic tumor HP-1 cells (Fig. 1D) , confirming that this phenotype was not restricted to the cells used during the bioselection process. The enhanced release also resulted in an enhanced cytotoxicity, as tested in A549, NP-9, and DLD-1 cells (Fig. 1E) . The dominance of the phenotype of AdT1 was confirmed by performing a cell-plaque assay after coinfection with a GFP-expressing E1A-deleted adenoviral vector (Supplementary Fig. S1 ).
Identification of the mutation(s) responsible for the enhanced viral release of AdT1: E3/19K-445A mutation. We carried out the functional mapping of the AdT1 phenotype and complete sequence analysis of AdT1 genome. The Ad5/AdT1 recombinants mapped the mutation responsible for the largeplaque phenotype to nucleotides 27335 to 35935 of AdT1 (schematically represented in Fig. 2A) . The sequence analysis of the genome revealed four mutations ( Fig. 2A) . Among these, two were silent and one inserted three nucleotides (GGA) in position 26296 of Ad5, which introduced an extra Gly at position 745 of the amino acid sequence of the L4-100K protein. The fourth mutation, found in position 29174, inserted an adenine into position 445 of the nucleotide sequence of the E3/19K protein. Because mutation E3/19K-445A was the only change detected in the smallest fragment of AdT1 that was able to confer large-plaque phenotype, we hypothesized it was responsible for the phenotype. The generation of mutant AdE3/19K-445A proved that this mutation was sufficient to enhance the release of Ad5. This mutation conferred both a large-plaque phenotype in A549 (Fig. 2B) and an enhanced viral release without modifying the viral yield in CAF1 cells (Fig. 2C) . With these data, we concluded that mutation E3/19K-445A was responsible for the enhanced release observed with AdT1.
The Fig. 3B . Interestingly, a viral release assay in CAF1 cells showed that AdE3/19K-KS was released 100 times more efficiently than Ad5 (Fig. 3C) . The phenocopy of AdT1 and AdE3/19K-445A by AdE3/ 19K-KS established a direct association between the change of localization of E3/19K and the enhanced rate of viral release and suggested a new function for E3/19K at the cell membrane. By contrast, AdE3/19K-del showed levels of extracellular virus comparable with Ad5, in concordance with previous studies stating that the lack of E3/19K expression does not increase adenovirus release (30) .
The enhanced release phenotype of mutant AdE3/19K-445A is not mediated by interaction with MHC-I at the cell surface or by apoptosis. The main function of E3/19K is to bind to and retain the heavy chains of MHC class I in the ER, preventing CTL response against adenoviral infection (25, 28, 31) . Consequently, the loss of ER retention of E3/19K-445A inhibits ER retention of MHC-I. We hypothesized that the interaction of E3/19K and MHC-I at the plasma membrane could be triggering the enhanced release observed with AdE3/19K-445A. For this purpose, we constructed mutant AdE3/19K-445ACS40, which contained both the E3/19K-445A mutation and the substitution of a cysteine in position 40 of the amino acid sequence of E3/19K for a serine (C!S-40), which prevents MHC-I binding (32) . As Fig. 4A displays, the analysis of cell surface expression of MHC-I showed that AdE3/19K-445A blocked MHC-I transport to the plasma membrane less efficiently, although it did not reach basal levels of MHC-I expression, as previously described (33) . On the other hand, mutant AdE3/19K-445ACS40 showed similar cell surface MHC-I expression as the uninfected cells. This confirms that this mutant is unable to prevent MHC-I transport to the membrane, because it is unable to bind to MHC-I (significant differences compared with AdE3/19K-445A). A viral release assay in CAF1 cells showed that, although AdE3/19K-445ACS40 was unable to bind to MHC-I, it was released earlier into the supernatant (Fig. 4B) . This mutant also displayed a large-plaque phenotype in A549 (Supplementary Table S1 ), proving that the phenotype was not dependent on interaction with MHC-I. Additional evidence suggesting that the AdT1 mutant did not enhance viral release by interacting with MHC-I comes from the enhanced release phenotype of AdT1 in a cell line negative for MHC-I expression, such as DLD-1 ( Fig. 1D and Supplementary  Table S1 ).
Adenovirus mutants defective in viral genes that inhibit apoptosis produce a characteristic phenotype similar to that observed with AdT1 and AdE3/19K-445A (34) .To determine the levels of apoptosis activation with our mutants, we analyzed PARP cleavage during the viral cycle. As Fig. 4C displays, the level of PARP cleavage in AdT1 and AdE3/19K-445A-infected cells was similar to that seen for Ad5, which shows that these mutants were unable to activate apoptosis. Further confirmation of the apoptosis independence of the AdE319K-445A phenotype was gained from viral release experiments in CAF1 cells treated with the broad spectrum caspase inhibitor Q-VD-OPh. Both the viral release and plaque-size of AdE3/19K-445A were not affected by the presence of Q-VD-OPh, proving that the enhanced rate of viral release was not mediated by apoptosis ( Fig. 4D; Supplementary Table S1 ).
The enhanced release of E3/19K-445A-expressing mutants is not mediated by ADP overexpression. ADP is a small glycoprotein coded by the E3 region of Ad5 required for the efficient lysis of adenovirus-infected cells. Its overexpression results in an enhanced release and large-plaque phenotype (14, 30, 35) . The expression of this protein is tightly regulated by pre-mRNA processing and some deletion mutations upstream of ADP which affect splicing or polyadenylation sites increase the expression of its early transcripts (26, 36) . The proximity of E3/19K and ADP ORF led us to study a possible ADP overexpression caused by the E3/ 19K-445A mutation. No differences were found in the pattern of E3 transcripts ( Supplementary Fig. S2A ). Early ADP transcripts (bands d and e) were not detected 8 hours postinfection for neither Ad5 nor AdT1 but were greatly amplified 24 hours postinfection (bands d ¶ and e ¶), as previously described (26) . Western blot detection of ADP expression in the different mutants confirmed these results and dismissed ADP overexpression in AdT1 and AdE3/19K-445A-infected cells (Supplementary Fig. S2B ). Furthermore, no differences in E1A nor adenovirus late protein expression were found for the different virus mutants (Supplementary Fig. S2B ).
Mutant AdE3/19K-445A enhances cell permeability and increases intracellular [Ca 2+ ]. Some viruses actively enhance cell permeability during viral infection by the expression of viroporins, facilitating the influx of extracellular ions, which can enhance viral release through yet unknown mechanisms (37, 38) . To study a putative viroporin-like function of E3/19K-445A, we analyzed cell permeability and intracellular Ca 2+ concentration throughout the viral cycle. AdE3/19K-445A enhanced cell permeability at earlier stages of infection (Fig. 5A) , and this increase in cell permeability was associated with an increase in the intracellular Ca 2+ concentration (Fig. 5B) . This enhanced permeability for AdE3/ 19K-445A-infected cells was also observed in CAF1 (Fig. 5C ). To test whether the influx of Ca 2+ was the cause of the enhanced rate of viral release, we performed a viral release and production assay in CAF1 cells in the presence or absence of extracellular Ca 2+ . Although the lack of Ca 2+ in the extracellular medium affected the viral yield of both viruses, the differences in viral release between Ad5 and AdE3/19K-445A disappeared in the absence of Ca 2+ (Fig. 5D) , proving that the enhanced release of AdE3/19K-445A was triggered, at least in part, by Ca 2+ influx. Evaluation of in vivo efficacy. Mice carrying NP-9 pancreatic tumors were treated with a single i.v. dose of Ad5 or AdE3/19K-445A at 2 Â 10 10 vp/mouse. The enhanced antitumor activity shown by AdE3/19K-445A compared with Ad5 proves that the 445A mutation is not only responsible for the enhanced release and cytotoxicity of AdT1 in vitro but also for the gain of oncolytic effect in vivo (Fig. 6A) . In a second model, we assessed the comparative in vivo efficacy of Ad5, AdT1, and AdE3/19K-445A with a single intratumoral injection of virus into NP-9 s.c. tumors. Even in such conditions, in which we potentiate the amount of Ad5 in the tumor, both the AdT1 and AdE3/19K-445A-treated tumors responded better with respect to Ad5 (Fig. 6B) . We also performed a third in vivo experiment in Syrian hamsters that has been described as an immunocompetent model wherein human adenovirus is able to replicate (Fig. 6C) . Hamsters with s.c. pancreatic HP-1 tumors were treated intratumorally at a dose of 2.5 Â 10 10 vp/tumor. Both Ad5 and AdT1 displayed significant antitumoral activity, although no statistical significance among these groups was observed. Analysis of HP-1 tumor sections revealed that despite the presence of extensive areas of necrosis in all experimental groups, tumors injected with AdT1 showed a more diffuse staining compared with Ad5, suggesting an improved spread of E3/19K-445A mutant virus (Fig. 6D) .
Discussion
Improving the antitumor potency of current oncolytic adenoviruses represents one of the major challenges to obtain systemic therapeutic effect in clinical trials. Bioselection of randomly mutagenized pools of human Ad5 by repeated passaging under a predefined set of conditions is a classic virology strategy that has been recently postulated as a powerful method to develop more potent adenoviruses (18, 19) . We hypothesized that the passage of Ad5 random mutants in an in vivo murine model of human cancer would provide a selective pressure environment closer to human tumors in the clinical setting, where the presence of a threedimensional tumor stroma, the host immune system, and the proliferating status of tumor cells differ from those encountered in in vitro cell cultures.
By using this approach, we have isolated a new mutant virus, AdT1, which displays an enhanced antitumor activity when injected systemically in mice carrying s.c. human tumors. In vitro characterization revealed that AdT1 displays a large-plaque phenotype, which correlates with an increased cytotoxicity and release of viral progeny after replication, and a total viral yield not modified with respect to Ad5. Interestingly, the phenotype is not restricted to the pancreatic tumors where the bioselection process was developed, but the increased progeny release is also evident in different tumor cell types, including melanoma, lung, head and neck, and colorectal adenocarcinomas. Previously described adenoviral mutants with large-plaque phenotype include mutants in E1B/19K, in which E1A-induced apoptosis is not blocked (39) , and premature cell death may lead to a reduced viral production. On the other hand, mutants that overexpress the adenovirus death protein (14, 35) or that express COOH truncating forms of the i-leader protein (18, 19) also display large-plaque phenotype, improving viral release without affecting the total yield. A double strategy, including the generation of Ad5/AdT1 recombinants and complete genome sequencing, allowed us to conclude that the alteration responsible for the AdT1-phenotype was the insertion of one nucleotide in the E3/19K coding region (mutation E3/19K-445A), subsequently leading to the COOH truncation of the protein and loss of its ER retention signal. The E3/19K glycoprotein retains the class I MHC heavy chain in the ER (40, 41) and prevents tapasin processing of class I MHC-bound peptides (33) . However, to date, it has never been postulated as capable of modifying viral cycle kinetics and its functions are assumed to be nonessential for adenovirus growth in vitro (42) , which has led to its deletion in many oncolytic adenoviruses (2) .
Our studies show that the translocation of E3/19K-445A to the plasma membrane is the determinant for the enhanced release phenotype of AdT1 and AdE3/19K-445A. Other mutants that also induce a change of localization of E3/19K to the cell membrane by different genetic alterations, such as AdE3/19K-KS, also phenocopy the enhanced release of AdT1. This rules out the possibility that the precise E3/19K-445A alteration provokes a change in the complex splicing balance of the E3 region, leading to differential expression of ADP and enhanced cell death, as found with other E3 mutants (36) . In fact, analysis of E3-specific mRNAs does not suggest any imbalance between the levels of the different transcripts after AdT1 infection with respect to Ad5. Furthermore, protein levels of ADP, E1A, and major structural proteins are not modified in E3/19K-445A containing adenoviruses. Overall, these data suggest that the viral cycle of AdT1 is only affected in its latest events, i.e., the plasma membrane permeabilization and the mutant virion release.
How E3/19K-445A relocalization improves adenovirus release is not clear at the present. This function is not related to the ability of E3/19K to bind MHC-I, its canonical target, but the presence of the mutation confers the protein the ability to initiate a new pathway. Apoptosis induction seems not to be the basis of the enhanced spreading of the E3/19K-445A mutants, as is the case for other large-plaque mutant adenoviruses (39) . Interestingly, our results provide evidence that infection with E3/19K-445A expressing adenoviruses disrupts intracellular Ca 2+ gradients maintained by the plasma and ER membranes, leading to an increase in the cytoplasmic calcium levels. Furthermore, the requirement for extracellular Ca 2+ availability for the enhanced release phenotype of AdT1 suggests that such increases in intracellular calcium are due, at least in part, to the influx of extracellular calcium. Increases in intracellular calcium have been shown to be involved in animal virus-induced cytophatic effects and cell killing (43) . Protein 2B from coxsackievirus, a protein with viroporin function, gradually induces the influx of extracellular Ca 2+ , and release of Ca 2+ from ER stores to permeabilize the plasma membrane and ultimately cause membrane lesions that allow the release of virus progeny (38) . Interestingly, wild-type E3/19K is capable of mobilizing the ER pool of Ca 2+ through an indirect mechanism (29) . Although a direct role in Ca 2+ mobilization by E3/19K-445A warrants experiments with the protein being autonomously expressed, we hypothesize that the mutant E3/19K acts functionally as a viroporin. Viroporins are nonessential, virally encoded, small membrane proteins that form selective channels in membranes, allowing the diffusion of ions and small molecules. Their deletion affects mainly the assembly and exit of virions (37) . Their functions are related to both the modification of cell permeability to ions and membrane destabilization. The use of viroporins to promote progeny release is common to several families of viruses, such as picornavirus (38, 44) , retrovirus (45) , and orthomyxoviruses (46) . In this context, our results suggest that, as a consequence of the selective pressure exerted in human xenografted tumors in vivo, adenovirus has evolved to incorporate an alternative and more efficient mechanism of release, which it lacks in its native form (where it uses ADP as the main mechanism), but that other animal viruses have previously selected. Moreover, the fact that the mutation selected in the current adenovirus bioselection process affects one of the main limitations found in oncolytic viruses suggests that pressure encountered in the environment of human tumors in vivo may be particularly relevant. Curiously, the latter stages in the viral cycle seem to be more prone to optimization within the tumor milieu. Further insight into the mechanism of release of E3/19K-COOH terminal truncated mutants could provide additional clues to understand the poorly characterized mechanism of release of native adenovirus modulation. In terms of the immune response modulation, the E3/19K-445A form differs from its wild-type counterpart in its ability to bind and retain MHC class I molecules, but it is expected to retain the tapasin inhibition ability that wild-type E3/19K possesses. Mutants with truncated COOH terminal forms of the protein showed the ability to delay by 10-fold the maturation of class I molecules because they are still able to interact with TAP and interfere with tapasin function (33) , and T1 mutants should behave similarly. More recently, it has been reported that E3/19K is additionally involved in evasion of natural killer (NK) cell recognition through its ability to interact with MHC-I chain-related proteins A and B (47) . Although such function is impaired for E3/19K-445A protein, enhanced antitumoral activity of AdE3/19K-445A mutants obtained in different in vivo models in mice, where NK function is present, suggest that the lack of such function can be efficiently by-passed, at least in the particular environment associated to tumors. Further experiments in more immunocompetent models are necessary to establish the exact immunologic implications associated with the presence of the 445A mutation.
Transcription of E3 proteins is mainly regulated by E1A expression through ATF and AP-1 boxes within the E3 promoter (48) , implying that the enhanced release phenotype associated with the expression of the mutant version of E3/19K is restricted to cells where E1A activation is permitted. We are currently generating conditional replicating adenoviruses that include the E3/19K-445A protein in the backbone of tumor promoter-driven E1A-regulated adenoviruses, such as ICOVIR-5 (11, 49) , with the aim of increasing its ability to spread intratumorally. Interestingly, the increase in progeny release of AdT1 and AdE3/19K-445A mutants is specially noted in cancer-associated fibroblasts, a perpetually activated fibroblast population within desmoplastic lesions that are associated with malignant tumors (50) . The release of E3/19K-445A mutant progeny occurs 3 days earlier with respect to that of Ad5 in the same cell population. Tumor stroma, composed of the extracellular matrix and mesenchymal cells, has been considered as a barrier to the efficient intratumoral diffusion of viruses (11, 12) . Although the ability of oncolytic viruses to replicate in tumor-associated fibroblasts will depend on the selectivity mechanism in which the virus is based, the proliferative status of such fibroblasts (51) should allow efficient replication of pRBdependent adenoviruses and the inclusion of E3/19K-445A mutation in ICOVIR-5 would provide the virus the ability to bypass fibroblast-mediated barriers.
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